However, there are other causes of severe neurologic depression, such as seizures or postictal states, and concussion, that may not require aggressive management, but in which the diagnosis of increased ICP must be considered. In these cases, a noninvasive way to measure the ICP would be advantageous.
We hypothesize that a hydrostatic relationship exists between the ICP and the intraocular pressure (IOP) via the cavernous sinuses and the episcleral venous outflow to the orbit, and as such, the ICP may be correlated to tonometry. The hypothesis is supported by other studies that demonstrate increased IOP resulting from cerebrospinal fluid flow obstruction (1) (2) (3) (4) .
Previous studies of correlations between ICP and IOP in adult patients have yielded contradictory results (5) (6) (7) . In the present study, our goal was to determine whether there was a correlation between tonometry measurements of the IOP and transducer measurements of the ICP in the acute setting, and whether IOP can be used as a surrogate measure of ICP.
MATERIALS AND METHODS
We obtained the approval of The University of Tennessee Health Science Center, Methodist Health Care System, and Le Bonheur Children's Medical Center Institutional Review Board committees. We performed a prospective study on 36 children (total of 274 measurements) admitted to Le Bonheur Children's Medical Center pediatric intensive care unit with traumatic brain injury and altered mental status, requiring ICP monitoring. All patients included had a Glasgow Coma Scale score of Ͻ8 at the time of admission, were evaluated by the neurosurgery service, and had an ICP transducer placed (Integra, Plainsboro, NJ). The device requires calibration upon placement; however, it cannot be recalibrated when in place. We excluded patients with a history of glaucoma or eye injury. The tonometric eye pressure measurements started within 24 hrs and 48 hrs of admission to the pediatric intensive care unit, after obtaining informed consent. The on-call critical care resi- KEY WORDS: tonometry; intraocular pressure; intracranial pressure; traumatic brain injury dent or the intensive care unit attending physician (trained by the ophthalmology staff) measured the IOP with an electronic tonometer (Tonopen; Reichert, Depew, NY), according to the device manual. The principal investigator (T.S.) was trained by the ophthalmology staff. Because the procedure is simple, the intensive care unit on-call fellow, resident, or bedside pediatric intensive care unit nurse was typically trained with a single demonstration of a tonometric pressure measurement. We noticed that most of our young staff members were already familiar with the tonometer as part of their core medical education and a simple demonstration was enough to refresh their knowledge. Although we closely supervised the procedures, they were performed by several different staff members.
The measurements were preceded by calibration of the tonometer at atmospheric air pressure. The actual procedure consisted of repeated, light taps on the cornea, usually three times, or until the tonometer was able to display an "average" reading. The measurements were repeated every 8 hrs on both eyes; and at the same time, the ICP intraparenchymal bolt readings were documented. The procedure was performed on sedated or comatose patients with stable vital signs. However, at the suggestion of the Institutional Review Board committee, topical eye anesthetic (Alcaine) was used to minimize discomfort in the event that the patient perceived but could not react to pain, as in a "locked-in" state. We recorded the PaCO 2 before the measurement and adjusted the ventilators after the measurement to avoid hypo-or hyperventilation, according to the standards of practice, as the study protocol did not include any ventilatory adjustments. We also documented the concordance of the site of the injury and brain swelling with the IOP measurement. The concordance was assayed as either ipsilateral or contralateral. Diffuse brain swelling was considered as ipsilateral in both eyes.
The measurements were terminated when the neurosurgeons removed the ICP measuring bolt, if the patient developed significant facial or eyelid swelling, or at the request of the legal guardian.
We used the Bland Altman technique for organ calibration. A linear mixed model was used to obtain the variance and coefficients. The Pearson regression coefficient and Krippendorff's ␣ reliability test were used to estimate the agreement. Krippendorff's ␣ estimate (8 -10) is a sophisticated reliability coefficient developed to measure the agreement between observers or measuring instruments. It was invented for content analysis and is useful wherever two or more methods of processing data are applied to the same set of objects and the question is how much they agree. The general formula is a ϭ 1 Ϫ (Do/De), where Do is the observed disagreement and De is the disagreement one would expect when the coding of units is attributable to chance. We performed sensitivity and specificity analyses and plotted the receiver operating characteristics curve of the IOP measurements, accepting Ն20 cm H 2 O as "true" ICP. All results were analyzed, using statistical software R 2.9.1 and SPPS 17 and validated with SAS 9.2.
RESULTS
The average age of the patients was 8 yrs 4 months (SE, 4 yrs 7 months). The minimum age was 2 yrs 11 months and the maximum age was 15 yrs 1 month. The mean number of measurements was 8.6 Ϯ 2.67 and the range was 4 to 14 per patient. The measurements were terminated in 21 patients when the neurosurgeons removed the ICP monitor device, in five patients at the legal guardian's request, and in eight patients for other reasons, including facial or eyelid swelling or brain death (Fig. 1) .
Including the patient's age as a covariant in the model examining the IOP, ICP difference yields a coefficient of 0 Ϯ 0. 18 We plotted Bland Altman organ calibration graphs (11) (12) (13) . The Bland Altman graph of IOP vs. ICP is depicted in Figure 2 . The mean IOP, ICP difference was Ϫ0.5 Ϯ 0.68 cm H 2 O. The variance was 29.88 (SD, 5.47). As such, 95% of the 
When there was concordance between the site of measurement and the site of injury, the mean IOP, ICP difference was Ϫ0.02 Ϯ 0.61 cm H 2 O. The variance was reduced to 23.28 (SD, 4.82) and 95% of the IOP, ICP difference measurements were between Ϫ9.47 and 9.42 cm H 2 O. Thus, concordance with the site of the injury reduced the variance of the IOP, ICP discrepancy by 20.3%. The Bland Altman graph showing the data with concordance is illustrated in Figure 3 .
The Because the regression slope of IOP, ICP when the ICP is Ͻ20 cm H 2 O is less steep than when the ICP is Ͼ20 cm H 2 O, a quadratic line fits the data better (r 2 ϭ .606) than does a straight line (r 2 ϭ .562). The sensitivity analysis if we select 20 cm H 2 O as a cutoff limit for "normal" ICP is shown in Table 1 
DISCUSSION
In the present study, we examined the relationship between tonometric measurements of the IOP and intraparenchymal pressure measurements of the ICP in children with traumatic brain injury to determine whether IOP can be used as a surrogate measure of ICP.
The mean IOP, ICP difference was Ϫ0. 5 The difference between IOP and ICP was independent of the patient's age in our sample. We tested the IOP, ICP differences in relationship to the reported PaCO 2 at the time of the measurements because previous studies suggested that hypocapnia might increase the ophthalmic artery flow and influence the IOP, ICP relationship (14) . In our group of patients, the IOP, ICP differences were independent from the PaCO 2 . Additionally, we tested the IOP, ICP differences over time, and time was not a significant modifying factor. Figure 2 shows that the bias (Ϫ0.5 cm H 2 O) of the IOP, ICP difference is insignificant. However, 95% of the difference measurements fall within a range spanning from Ϫ11.22 to 10.22 cm H 2 O. The data in Figure 3 suggest that when the site of tonometric pressure measurement is on the same side as the brain edema, the bias remains insignificant (0 cm) and 95% of the measurements fall between Ϫ9.47 and 9.42 cm H 2 O. Our conclusion from both Bland Altman graphs is that tonometric measurements of IOP cannot replace the continuous invasive ICP measurement in the critical care setting, even with the improvement achieved when there was concordance of the tonometric measurements with the cerebral swelling. Concordance reduced the variance 20% and confirmed our hypothesis that cerebrospinal fluid pressure can be transmitted to the eye.
The relationship between IOP, aqueous fluid formation, and venous pressure has been described by the formula IOP ϭ F/C ϩ PV, where F is the aqueous fluid formation rate, C is the outflow rate, and PV is the episcleral venous pressure (15) . All of those factors can influence the IOP. In our study, we noticed that the Pearson coefficient for the 180 IOP measurements, where the ICP was Ͻ20 cm H 2 O, was 0.274; and for the 90 IOP measurements, where the ICP was Ͼ20 cm H 2 O, it was 0.705. Therefore, it seems that the relationship between IOP and ICP changes as the ICP increases (Fig. 4) . We speculate that the IOP is controlled independently of the ICP pump mechanism. Therefore, the measurements of IOP, ICP at low ICP levels have a weak correlation. Only when the cerebral pressure is significantly elevated is the pump mechanism compromised, and the venous column via the engorged episcleral veins transmits the ICP. In Figure 4 , a quadratic fit is more appropriate than a linear one-illustrating the steeper slope of the IOP, ICP relationship at higher ICP.
The results in Table 1 and Figure 5 , however, indicate that tonometric pressure measurements can be an excellent screening test if an IOP of 20 cm H 2 O is used as a cutoff point. The test has a specificity of 97% provided that the patient does not suffer from glaucoma, a rare condition in children. It was sensitive in 74% of the patients. A retrospec- tive study of 55 patients found no correlation between IOP and ICP (5). The study examined the relationship between IOP and ICP from the medical records of patients who underwent lumbar puncture between 1991 and 2007 in a neuroophthalmology clinic. The authors concluded that there was no correlation between IOP and ICP (Pearson correlation coefficient, r ϭ .07; p ϭ .59). This lack of correlation might be explained by the number of patients in the study with normal rather than elevated ICP, because the relationship between the two measurements is much weaker at lower ICP. Conversely, others examined the relationship between ICP and IOP based on a study of 50 patients (7) and found a significant correlation between ICP and mean IOP (p Ͻ .001; r ϭ .955). Body mass index, age, and disease type had no significant effect on this correlation. This demonstrates again the effect of the population being studied on the likelihood of finding a correlation between IOP and ICP.
In a recent study, 76 concurrent ICP and IOP measurements in 27 patients in emergency medicine settings were evaluated for agreement (6) . All patients with an abnormal intracranial pressure had an abnormal IOP; similarly, all patients with a normal ICP had a normal IOP (sensitivity, 1.00; 95% CI, 0.86 -1.0; specificity, 1.0; 95% CI, 0.93-1.0). The authors' conclusion was that an abnormal IOP, as measured with the handheld tonometer, is an excellent indicator of abnormal ICP. In power athletes, muscle tonometric contraction during weightlifting can lead to venous outflow obstruction. This can impede cerebrospinal fluid drainage, and the subsequent elevation of ICP can then lead to retinal hemorrhage and elevation in IOP (16) . Another group found no correlation between IOP and ICP, although they suggested a correlation of mean blood pressure and IOP (17) . In this study, an individual patient-specific Spearman correlation coefficient was used to analyze the results: Some patients showed a significant relationship between IOP and ICP and others did not. The authors did not use any model to combine the results; and as such, the power of the study is limited. There is also current research interest in cerebrospinal fluid pressure and the development of glaucoma (18) . Others (19) described a possible "decreased ICP" in the development of chronic intraocular hypertension.
Transmission of the ICP via the venous system (20) is suggested also by ophthalmodynamometry studies where the ICP is computed by the venous flow (21) . These studies required specialized operators in delegate laboratory settings and are more useful in hydrocephalic patients. That the diameter of the superior ophthalmic vein may have a relationship to ICP was also suggested (22) . The intraocular pulse pressure affects the sensitivity and specificity of the spontaneous venous pulsation test, another index of intracranial hypertension (23) . Others (24) noticed a collapse of the superior ophthalmic veins in spontaneous intracranial hypotension. Recently, there has been renewed interest in the ICP, IOP correlation and its relationship to Alzheimer's disease (25) .
The contradictory results in previous studies are possibly related to the populations involved, and specifically to the number of subjects with "normal" ICP. Figure 4 illustrates the wide differences between IOP and ICP when the ICP is Ͻ20 cm H 2 O. Studies where many patients with "normal" ICP are included will find a nonsignificant relationship between ICP and IOP.
In a study (26) that measured the optic nerve sheath diameter sonographically, a diameter Ͼ4.0 mm in subjects Ͻ1 yr and Ͼ4.5 mm in older children was considered abnormal. The diagnosis of increased ICP was based on results of cranial imaging or direct measurement of ICP. The sensitivity of optic nerve sheath diameter as a screening test for increased ICP was 83% (95% CI, 0.60 -0.94) and the specificity was 38% (95% CI, 0.23-0.54). Those findings are consistent with "early" increase in the diameter of the optic nerve, when there is an increased ICP. The technique for transorbital optic nerve sheath ultrasonography in normal children is well described (27) , as well as measurements of the optical nerve in 483 children (28) . The optic nerve sheath diameter measured by ultrasound also can be a useful diagnostic test of acute increased ICP in hydrocephalus (29) .
In conclusion, tonometric IOP may be a useful screening surrogate measure of ICP in children with traumatic brain injury, but seems to lack the accuracy necessary for close critical care management of the ICP in the acute posttraumatic period.
